Abstract: Fast development of cutting-edge areas including aviation and space, new energy, electrical and electronics industries asks for increasing requirements on heat resistant dielectric polymer nanocomposites with high dielectric constant (D K ). This review focuses on recent research progress of thermally resistant polymer nanocomposites with high D K , which consists of four parts. In the first two parts, high D K nanocomposites based on thermally resistant thermoplastics and thermosetting resins are introduced, and then the effect of temperature on the dielectric properties of nanocomposites is discussed in the third part. In the last part, summary and future perspectives were provided.
Introduction
Dielectric polymer composites have been receiving great attentions worldwide due to the combined advantages of both polymers and functional inorganic fillers [1] . Up-to-date, many high D K polymer nanocomposites were prepared for various applications, including energy storage [2, 3] , electronic information [4, 5] , new energy sources [6, 7] and electrical stress control [8] .
Recently, dielectrics with high heat resistance increasingly required because devices are expected to be operated at higher and higher temperature, and more heat is generated during service [9] . The operating temperature of the electronics depends on location, power consumption and thermal design. Typically, the normal operation temperature for advanced capacitors is 150-300°C [10, 11] . The electromechanical actuator that integrated power transistor and smart power devices requires the devices can be operated at 175-200°C [12] . In the aerospace field, the device requirements are more stringent, electric devices must withstand high-temperature (up to 300°C) and low-temperature (down to −269°C) capability [13] .
The most popular definitions of high thermal resistance for polymer nanocomposites mainly include following four aspects, they are long-term durability (>10,000 h) at 177°C, the initial decomposition temperature (T di ) > 450°C, high heat deflection temperature (>177°C, the temperature where 10% deflection occurs on a polymer specimen under a load of 1.52 MPa), and high glass transition temperature (T g > 200°C). The first three definitions appear to fit most materials including sealants (elastomers), whereas the last two have been directed primarily towards polymers and nanocomposites for structural applications [14] .
Considering above criteria and dielectric polymer composites reported in the literature, the composites based on poly(vinylidene fluoride) (PVDF), poly(arylene ether nitrile) (PEN), polyimide (PI), cyanate ester (CE) and bismaleimide (BMI) belong to the category of high thermal resistance At present, high D K dielectric polymer nanocomposites are usually prepared by adding electric conductors or dielectric ceramics into polymers, while those functional fillers usually have higher thermal resistance than polymer matrices, so the thermal resistance of nanocomposites is mainly dependent on that of polymers [15] , and then this review was written according to the nature of polymers.
High D K nanocomposites based on thermally resistant thermoplastics
Thermoplastics typically have good solubility, recycle ability and good adaptability to complex mould designs [16] . Many thermoplastics have been used to prepared high D K nanocomposites, among them, thermally resistant thermoplastics mainly include PVDF, PEN and PI. These composites are mainly processed by solution processes (PVDF and PEN as matrices), melt mixing (PVDF as the matrix) and in situ polymerisation (PI matrix).
High D K PVDF matrix nanocomposites
PVDF, a semi-crystalline polymer, has been widely used to prepare high D K composite owing to its high D K , excellent heat resistance, unique piezo-and pyro-electric properties and good processing feature. Five different crystalline phases (α, β, γ, δ, and ɛ) have been observed in PVDF. Among them, ɛ and δ phases are rarely studied due to their poor stability [17] . α and β phases are two most common crystalline structures, where α phase has trans-gauchetrans-gauche (TGTG) chain conformation, β-phase is electro active and has trans-trans conformation [18] . The neighbouring dipole moments of α-form are in the opposite direction, showing no net dipole and thus a relatively low D K (e.g. 9.8 at 100 Hz) [19] . For γ and β crystals, they possess net dipoles and their polarisability is high when subjected to an external electric field, and thus exhibiting high D K . Specifically, the D K of PVDF with β-crystal is 10.5 at 100 Hz, while that of poly(vinylidene fluoride-cobromotrifluoroethylene) copolymer with 0.5 mol% bromotrifluoroethylene (BTFE) content is increased to 12.8 because small amounts of BTFE contents (<2 mol%) stabilise γ phase, and the copolymer possesses high amounts of both β and γ polar crystallines with small crystallite sizes [20] .
The phase transformation seems to have no relevant influence in thermal stabilities of PVDF [21] , and PVDFs with different phases usually have high T di (> 430°C) [22] .
Ceramic/PVDF nanocomposites:
High D K ceramic/ polymer nanocomposites were prepared by adding conventional ferroelectric ceramics, such as BaTiO 3 (BT) [23] , Ba 0.6 Sr 0.4 TiO 3 (BST) [24] , CaCu 3 Ti 4 O 12 (CCTO) [25] and IET Nanodielectr., 2018, Vol. [30] , or ceramics with special shapes such as nanofibres [31] , nanocubes [32] , nanowires [33] , nanotubes [34] , hollow nanospheres [35] , nanorods [36] and whiskers [37] were synthesised to fabricate high D K ceramic/polymer nanocomposites.
By incorporating 16 wt% of functionalised BT hollow nanospheres (HNSs) with -OCH 3 -OC 2 H 5 and -NH 2 groups into PVDF, the obtained composite shows much higher D K (∼109.6, 100 Hz) and energy density (∼21.7 J cm −3 ) as well as highly retained breakdown strength (3.81 × 10 3 kV cm −1 ) than PVDF [35] . These attractive performances are contributed to multi-factors including the changed crystallinity of PVDF, and effective transmittance of conductive polarisation between BT and PVDF.
Besides dielectric ceramics, other kind of ceramics was also used to prepare PVDF composites with both high D K and more function. The PVDF nanocomposite with 40 vol% CCTO and 10 vol% β-SiC not only has high D K (∼50 at 1 kHz) and low D F (∼0.07 at 1 kHz) but also exhibits high thermal conductivity (0.80 W m −1 K −1 ) [38] . The high D K is resulted from the interfacial polarisation between CCTO/PVDF and SiC/PVDF at low frequencies as well as the inherent dipole polarity of CCTO, β-SiC and PVDF at high frequencies.
Semiconductor/PVDF nanocomposites:
Apart from good electrical properties, semiconductors also have advantages of conductivity control and low cost. NiO nanosheets [39] , ZnO [40] , Ce(NO 3 ) 3 [41] , TiO 2 [42] , SnO 2 [43] were typical semiconductors used.
Aepuru et al. coated radial ZnO (PZnO) with polyaniline (PANI) using hydrogen bond. With 50 wt% PZnO, the obtained PVDF composite has the maximum D K (75 at 10 Hz) with a D F of 0.8 (at 10 Hz). The coated PANI onto ZnO brings strong interactions between PVDF and ZnO, and enhanced the interfacial polarisation in PVDF [44] .
A thin film with very high D K was fabricated by in situ producing Ni(OH) 2 nanobelts (NBs) in PVDF solution. With 23.1 vol% NBs, the D K of the composite film is as high as 3.1 × 10 6 at 20 Hz owing to remarkably improved electroactive β-phase nucleation (∼82%) and high D K of Ni(OH) 2 (∼3500, 20 Hz) [45] .
MnO 2 with special shapes (flowers and clusters) were embodied into PVDF to prepare nanocomposites. Compared with common round shape, the special shapes, especially clusters, have bigger interface areas with PVDF, leading to greater interface polarity and thus higher D K . Typically, the D K values of the nanocomposites with 23.3% flowers and clusters are 373 and 163 at 10 3 Hz, about 39 and 18 times higher than that of PVDF, respectively [46] .
Conductor/PVDF nanocomposites:
Many conductors including carbon nanotubes (CNTs) [47] , graphene [48] , graphite [49] and metal particles [50] were used to develop conductor/ polymer nanocomposites. Different from ceramic/polymer composites, a small amount of conductors generally endows nanocomposite with very high D K as well as large D F .
A large number of studies have shown that D F of nanocomposites can be effectively reduced by forming an insulating layer on the surface of conductors. The insulating layer may be organic materials [51] , ceramics [52] or semiconductors [53] .
Coated multi-walled CNTs (TiO 2 @MWCNTs) with a continuous layer of TiO 2 were prepared through a simple hydrothermal process, which were then used to prepare TiO 2 @MWCNT/(PVDF) nanocomposites. Compared to MWCNT/ PVDF nanocomposite, TiO 2 @MWCN/PVDF nanocomposite presents enhanced D K (∼60 at100 Hz) and lower D F (∼0.35 at100 Hz) [54] . Besides the production of more micro-capacitors induced by better dispersion of fillers in PVDF, the double interface polarity from interface between MWCNT-TiO 2 and TiO 2 -PVDF is also responsible for the increased dielectric constant; meanwhile the insulation of TiO 2 layer hinders the contact of MWCNTs, leading to decrease of D F .
Sun et al. [55] fabricated MnO 2 /graphene nanosheet/MnO 2 (MGM) with a sandwich structure. The D K and D F of MGM/PVDF nanocomposite are 2360 and 2.0 at 1 kHz near the percolation threshold (f c ), respectively, which are better than those of most carbon/polymer nanocomposites. MnO 2 layer with poor conductivity not only brings high dielectric constant due to the formation of more micro-capacitors but also acts as inter-particle barriers to prevent direct contact of graphene nanosheets, leading to low D F .
Unique spatial structures were also designed to increase D K and reduce D F . Tong et al. prepared P(VDF-HFP) composite with oriented reduced graphene oxide (rGO) nanosheets through a spinassistant process [56] . With 0.7 vol% rGO, the D K and D F at 100 Hz of the composite were 54 and 0.27, respectively. The high dielectric constant of nanocomposites was attributed to MaxwellWagner-Sillars (MWS) effect at low frequencies; while the orientation of rGO reduces the conductor route, leading to low D F . [57] .
Conductor
BT particles were introduced on graphene oxide via electrostatic self-assembly, followed by chemical reduction to synthesise hybridised filler (BT-rGO) [58] . With the addition of 30 vol% BT-rGO into PVDF, D K and D F of the resultant nanocomposite are 67.5 and 0.060 (1 kHz), respectively. These data are resulted from special structure of BT-rGO. In detail, highly conductive rGO sheets segregated by BT particles form many micro-capacitors, leading to high D K , while the large distance between adjacent rGO sheets prevents leakage current from tunnelling conductance, reducing D F . Similar results were also found in poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) nanocomposites based on BT and α-terpineol modified MWCNTs [59] .
All-organic dielectric nanocomposites:
Guo et al. prepared PVDF composite with carbonised polyacrylonitrile/ poly(ethylene glycol) (PEG) copolymer fibres (CPCFs), the largest D K of CPCF/PVDF nanocomposite is 1583 (1 kHz), about 150 times higher than that of PVDF [60] .
Poly(vinyl pyrrolidone) (PVP) wrapped PANI nanorod (PANI@PVP) was used to prepare PVDF nanocomposite. When the loading of PANI@PVP is 9.5 wt%, the D K of the nanocomposite reaches 174 at 100 Hz, about 20 times higher than that of PVDF; meanwhile, D F increases from 0.06 for PVDF to 0.17 for nanocomposite [8] . The presence of PVP plays an insulation role. In addition, the selective dispersion of fillers also affects dielectric properties of nanocomposites. When MWCNTs were added into PVDF/poly(styrene) (PS)/high-density poly(ethylene) (70/20/10, v/v/v) blend, they were stably dispersed in the PS layer, and then the leakage of current is reduced, leading to much low D F , which is about 400 times lower than that of MWCNT/PVDF nanocomposite [62] .
High D K PEN matrix nanocomposites
PEN has been identified as the right matrix for preparing advanced nanocomposites due to their outstanding properties such as radiation and chemical resistance, good thermal and thermooxidative stability (T di = 484°C, T g = 158°C), high mechanical properties and moulding workability. Meanwhile, a large number of polar nitrile groups on the aromatic ring endow PEN with relatively high D K (about 5) [63] .
Hybridised [64] .
PEN nanocomposites based on core-shell structured BT@carboxyl-functionalised PEN (CPEN) nanoparticles were prepared. With 40 wt% BT@CPEN, D K gradually raises to 13, while D F is only 0.023 at 100 Hz due to the presence of insulation layer (CPEN) [65] .
By adding rGO [66] or surface modified CNT [67, 68] Al 2 O 3 [70] or boehmite [71] was added into MWCNT/PEN nanocomposites to act as a dielectric obstacle, and form more micro-capacitors, leading to higher D K and lower D F .
High D K PI matrix nanocomposites
PI nanocomposites with high D K have received a great deal of attentions in embedded capacitors and energy-storage devices due to their excellent heat resistance and good mechanical properties. PI exhibits super heat resistance (T di = ∼500°C) over most polymers [72] .
4,4-Oxydianiline and 1,2,4,5-pyromellitic dianhydride are the most often used raw materials for synthesising PI. Fillers are often blended with diamine and dianhydride in N,N-dimethylacetamide or N,N-dimethylacetamide for preparing nanocomposites.
Ceramic/PI nanocomposites:
Original and Zr-doped CCTO [73] , TiC [74] , 2-phosphonobutane-1,2,4-tricarboxylic acid modified BT, or acrylic-acrylate-amide copolymer modified BT [75] was used to fabricate PI composites with low D F (<0.02 at 100 Hz).
Conductor/PI nanocomposites:
Ag nanowires (AgNWs) coated with insulate carbon layer were employed to prepare AgNW/PI films. When the content of AgNW was 0.084 vol%, the film has the maximum D K (126 at 100 Hz), about 39 times higher than that of PI, while the D F of AgNW/PI films is still low (0.125) [72] .
PI was grafted with the functional groups of modified GO (FGO) to produce FGO/PI nanocomposites, as shown in Fig. 1 . With 3 wt% of fillers, the D K and D F of FGO/PI composite are 7179 and 15.5 at 1 kHz, respectively; while those of GO/PI are severally 14.4 and 18. This is because hydroxyl and carboxyl groups on FGO form a conjugate system with PI. Under external electric field, the large conjugation provides transporting approach for electrons, and consequently, enhances the polarisability and D K ; however, the movement of electrons in the large conjugation will induce large energy loss, leading to a large D F [76] .
MWCNT/PI flexible nanocomposites were prepared using electrospinning and hot-pressing techniques. At f c (12 vol%), the composite shows the maximum energy storage density (1.957 J/ cm 3 ), while D K and D F are 147 and 1.5 (at 1 kHz), respectively [77] . Electrospinning provides MWCNTs with good orientation; this is the reason for getting high D K .
Ding's group prepared anisotropic graphene (GNS)-Fe 3 O 4 /PI composite, where GNs were oriented through stepwise iridisations under a magnetic field at a higher temperature as shown in Fig. 2 . Orientation of GNS-Fe 3 O 4 with horizontal magnetic field shows very high D K and D F , these are attributed to more effective microcapacitors parallel to the film surface and more dipoles switched with the measurement of electric field, respectively [78] . For example, with 10 wt% GNS-Fe 3 O 4 , H-GNS-Fe 3 O 4 /PI (oriented with horizontal magnetic fields) has very high D K (1170.3 at 1 kHz), about 9.4 and 21 times of those of N-GNS-Fe 3 O 4 /PI (without magnetic field treatment) and P-GNS-Fe 3 O 4 /PI (oriented with perpendicular magnetic field), respectively; meanwhile, the D F of the first sample is as high as 110 at 1 kHz, about 10 times of those of the two latter samples.
Ceramic/conductor/PI nanocomposites:
In ceramic/ conductor/PI nanocomposites, CCTO [79] and BT [80] are the most often used ceramic particles. To get higher D K and lower D F , a three-phase PI nanocomposite consisting of MWCNTs (9 vol%) and BT (16 vol%) was prepared, which displays high D K (314.07 at 100 Hz), low D F (0.4 at 100 Hz) and good flexibility. Specifically, from TEM images and schematic pictures shown in Fig. 3 , it can be seen that the presence of BT reduces the aggregation of CNTs, and then forms more microcapacitors and decreases current leakage, leading to high D K and low D F [81] .
PI nanocomposite was fabricated under an external magnetic field for 30 min at 90°C using Fe 3 O 4 -coated CCTO, high D K (308 at 100 Hz) and relatively low D F (0.60 at 100 Hz) are simultaneously achieved [82] . High D K is resulted from stronger interfacial polarity due to the presence of hybridisation of Fe 3 O 4 on the surface of CCTO and space polarity from orientation of fillers under external magnetic field. Meanwhile, no effective conductive approach was formed, leading to low D F .
PI was coated on conductive polypyrrole (PPy) to produce core-shell organic nanoparticle (PPy@PI), which was then combined with BT to prepare three-phase PI nanocomposite (BT/ PPy@PI/PI) [83] . The D K and D F of BT/PPy@PI/PI (75/5/25, w/w) are 58.53 and 0.1 at 10 kHz, three times higher than those of BT/PI (75/25, w/w) nanocomposite. The presence of PPy@PI plays three roles, they are improving the processing feature by reducing the loading of BT, forming more micro-capacitors, and reducing leakaged current.
PI composite was fabricated by embedding Ag-coated CCTO particles (CCTO@Ag), the D K of CCTO@Ag/PI nanocomposite is 103 (100 Hz) at 3 vol% filler loading, while the D F is only 0.018. The high D K is attributed to the enhanced space charge polarisation and MWS effect by the increment of conductivity of the interlayer between CCTO and PI by Ag [84] .
Others:
Through the conjugation of π-π bonds between Yb(III) and bipyrimidine units in the back bones of PI molecule, PI-Yb complexes (PIYbCs) were developed, when the molar ratio of Yb to bipyrimidine units is 1:1, the complex has high D K (>150) and low D F (<0.04) from 10 2 to 10 5 Hz [85] . The strong polarity of nitrogen atoms and the high electron mobility of every bipyrimidine unit lead to the impressive dielectric performance.
Flexile nanocomposites with sandwich structure were prepared through step-by-step casting, in which amino modified CNT (NH 2 -MWNT)/PI is the middle layer that has high D K , while PI is the bottom and top layers. When the NH 2 -MWNT content of the midlayer is 10 wt%, three-layer nanocomposite shows the highest D K (31. 3) at 1 kHz, low D F (0.0016), high breakdown strength (125 MV m −1 ) and maximum energy storage density (1.95 J cm −3 ) [86] . Table 1 summarises the recent works related to high D K nanocomposites based on thermoplastics with thermal resistance. The best dielectric properties of each composite were provided, and then the thermal properties of the corresponding composites were also listed. Compared with PI and PEN, PVDF has much low T g but high T di ; moreover, PVDF and copolymers attracted the most attention on developing high D K polymer nanocomposites due to their excellent dielectric properties and bigger possibility to get composites with higher D K when same fillers were used. For example, Ag nanowire/PVDF composites have giant D K (80,000, 1 kHz) and low D F (0025, 1 kHz); [50] while D K and D F of Ag/PI are 126 and 0.125, respectively [72] .
Comparison of dielectric properties of thermoplastic nanocomposites
Compared with spherical particles, one-dimensional particles are more conducive to improve D K of composites because the latter has larger surface area, resulting in enhanced interfacial polarisation [37, 87] . For example, the order of D K magnitude is: BT hollow nanosphere/PVDF ≫ BT nanowire/PVDF > BT/PVDF [88] .
For the same inorganic fillers, organic modification endows composites with higher D K than inorganic modification. This is because organic modification promotes better dispersion of fillers in polymeric matrix. For example, the D K of PDA@rGO/PVDF with 0.7 wt% PDA@rGO is as high as 176 [49] , while that of BT@rGO/PVDF is only 67.5 when the loading of BT@rGO is as larger as 30 vol% [58] .
When conductors are deposited on the surfaces of ceramics, the D K of composites can be greatly improved even a smaller amount of ceramics was added. For example, by depositing Fe 3 O 4 on the surface of BT, the D K of Fe 3 O 4 @BT (25.4 vol%)/PVDF is 3893 [57] , while that of BT(40 vol%)/PVDF is only 31 [88] . Table 1 shows that the addition of fillers into PVDF, PI or PEN may reduce or increase the thermal resistance of the polymer. Generally, positive roles of fillers for improving thermal resistance of a polymer are (i) retarding the formation and escape of volatile by-products during the pyrolysis [89] , (ii) avoiding heat concentration upon external thermal exposure if fillers have good thermal conductivity and uniform dispersion in polymer, (iii) limiting the movement of polymer segments and thus increasing the energy for degrading macromolecular chains through physical interlock and chemical interaction with polymer [90] .
Note that the thermal resistance of composites is also related to the content of fillers. Especially, for fillers playing positive roles on increasing thermal resistance, when the amount of fillers exceeds a limit, the thermal resistance of the composite may be decreased because fillers with too large loading may aggregate and disrupt the packing of macromolecular chain segments, and decreases the thermal resistance of the polymer [91] .
There are two common conditions that the thermal resistance of a polymer may be deteriorated. One is that fillers were modified by organic matters that have poorer thermal resistance than the polymer matrix [68] . The other is that fillers such as TiO 2 have the ability to promote the thermal decomposition of the polymer chains [92] .
For PVDF, if the addition of fillers changes the crystalline structure, then the thermal resistance will be affected. For example, the presence of rGO-ZnO makes the formation of PVDF with β-phase, which has a higher thermal stability than α-form due to the better packing of the zigzag β chain than that of the TGTG α chain [93] . With the addition of Na 0.5 Bi 0.5 Cu 3 Ti 4 O 12 , the crystallinity of PVDF reduced, making composites more susceptible to thermal decomposition [94] .
High D K nanocomposites based on thermally resistant thermosetting resins
Good processing characteristic is one of the greatest advantages of thermosetting resins for fabricating nanocomposites, which also makes thermosetting nanocomposites suitable for manufacturing nanocomposites with liquid phase without solvents [137] . There are many types of thermally resistant thermosetting resins; however, CE and BMI are two main resins for fabricating high D K nanocomposites.
High D K CE matrix nanocomposites
3.1.1 Ceramic/CE nanocomposites: BT and CCTO were used to prepare CE nanocomposites. It is not surprise to find that a large concentration should be used to get high D K . To solve the problem, our group invented BT foam (BTF) with pure BT framework, into which CE resin was injected into BTF to prepare BTF/CE nanocomposites as shown in Fig. 4 . For BTF/CE nanocomposite of which the BTF content is as low as 33.5 vol%, its D K reaches 141.3 (100 Hz), about 8.4 of that of CE composite with traditional BT particles. However, BTF/CE nanocomposites have higher dielectric losses and poorer frequency stability of dielectric properties than traditional high-k CPCs based on BT powders [138] . To overcome these problems, the surface of BTF was surface modified by hyperbranched polysiloxane (BTF@HSi), and phenolphthalein poly(ether sulfone) (cPES) was blended with CE to be the matrix. [141] . Another technique to disperse MWCNTs with non-covalent interaction is drawing support from a unique polymer that acts as a compatibiliser between CE resin and conductors. Specifically, remarkably improved dispersion of MWCNTs in CE resin is found with the presence of phenolphthalein (cPES). cPES has not only in situ π-π interaction with MWCNTs, but also good compatibility with CE resin. In addition, no extra insulating layer was coated on the surface of MWCNTs in advance, so the excellent electrical conductivity of MWCNTs is maintained, guaranteeing low f c (0.89 wt%) for MWCNT/CE/cPES composites, only about 0.25 times of that of MWCNT/CE composite. The D K of MWCNT/CE/cPES composite at 100 Hz is 648, about 3.7 times of that of MWCNT/CE composite [142] .
To develop high D K composites with good flame retardancy, a new hyperbranched polysiloxane with terminated phosphaphenanthrene (EPHSi) was synthesised, which was then coated on MWCNTs. With the new coated MWCNTs (EPHSi-gMWCNTs), CE composites have much higher D K and lower D F as well as improved thermal stability and flame retardancy. Especially, the D F of 2.5EPHSi-gMWCNT/CE nanocomposite is 0.016 (100 Hz), only 5.82 × 10 −5 times of that of 0.7MWCNT/CE nanocomposite with the same loading of MWCNTs [143] .
3.1.3
CE nanocomposites based on structural design: Structural design in previous researches mainly referred to gradient distribution of conductors and forming two-or threelayered structure; at least, one layer is made up of MWCNT/CE, other layers are polymer or composites with MWCNTs or ceramics.
An asymmetric composite (PVDF-eCNT/CE) consisting of one layer of β-phase PVDF and another layer of carboxylated CNT (eCNT)/CE composite was fabricated. For the asymmetric composite of which the thickness of PVDF layer is 5 μm, its D K and D F at 1 Hz are about 10 and 2.31 × 10 −2 times of that of eCNT/CE, respectively. The origin is that the existence of PVDF film provides extra space charge at the interface between two layers, and hinders the conductive path, leading to increased D K and low D F , respectively [144] .
After proving that gradient distribution of the fillers in singlelayered composite provides an idea for obtaining higher D K and lower D F [145] , nanocomposites with high D K and low D F , consisting of two superposed gradient MWCNT/CE nanocomposites, coded as [g-MWCNT/CE] 2 , were prepared. The presence of conductor faults reduces D F while increasing the interface polarisation as shown in Fig. 5 . When the loading of MWCNTs is 0.5 wt%, either MWCNT0.5/CE or [g-MWCNT0.5/CE] 2 composite shows the largest D K (136 or 306 at 1 Hz) of its corresponding type of nanocomposites; meanwhile, the D F at 1 Hz of [g-MWCNT0.5/CE] 2 composite is 0.21, only about 2.9 × 10 −5 times of that of MWCNT0.5/CE composite. It can be explained that reinforced space charge polarisation and subdued leakage current induced by the presence of the 'conductor fault' between two superposed gradient nanocomposites [146] .
In order to further study the effect of interfacial polarisation on dielectric properties, our group [147] prepared new double-layer composite (MWCNT/CE-5.0EG/CE) by superposing an MWCNT/CE composite layer with another EG/CE composite of which the loading of EG is set as the f c (5.0 wt%) through a twoPolymer Filler Content of fillers, vol% step curing procedure. When the loading of MWCNTs is 0.5 wt%, 0.5MWCNT/CE-5.0EG/CE nanocomposite has the highest D K (up to 486 at 1 Hz) among two-layer nanocomposite, about 4 and 1.5 times that of 0.5MWCNT/CE and 5.0EG/CE nanocomposites, respectively, and the D F is only 1.2 or 50% of that of 0.5MWCNT/CE or 5.0EG/CE nanocomposite. Fig. 6 shows a schematic description on the space polarised charges of two-layer nanocomposites with different loading of MWCNTs (p MWCNT ). Recently, our group reported two unique kinds of tri-layered structure nanocomposites, where the top and bottom layers are CNT/epoxy modified CE (CEP), while mica paper infiltrated with CNT/CEP (MPI) or infiltrated with CEP (MPII) as the second layer. Compared with single-layer CNT/EP nanocomposites, trilayered structure nanocomposites (especially, CNT/CEP-MPII-CNT/CEP) have lower D F and larger energy storage density due to the interfacial polarisation. Fig. 7 shows SEM images at different interfaces between two layers of nanocomposites and schematic diagrams reflecting the mechanism in increasing interfacial polarisation [148] .
High D K BMI matrix nanocomposites
BMI is a representative of heat-resistant thermosetting resins and have been widely used to prepare products that possess harsh requirement on heat resistance, high mechanical properties and good dielectric properties. BMI itself is brittle and has poor processing feature, so BMI should be modified for actual applications. Diallyl bisphenol A (DBA) is almost the most effective modifier, and BMI/DBA has high T g (>240°C) and T di (>420°C) [149] .
The distribution and content of conductive fillers have a decisive influence on dielectric properties of filler/polymer nanocomposites. For the same components, nanocomposites with different dielectric properties can be fabricated using selective dispersion of conductors in different polymer phases. A fixed loading (0.4 wt%) of MWCNTs was embodied into incompatible polyether imide (PEI)/BMI system to prepare a series of nanocomposites (0.4MWCNT/PEI/BMI). As the PEI content increases, the structure of nanocomposite changes from sea-island to co-continuous phase and phase inversion, successively. More interestingly, MWCNTs prefer to selectively distribute in BMI phase, tending to enrich around the PEI dense zone and arrange normally to the radius of the PEI sphere zone. When the content of PEI is >15 wt%, the D K significantly falls. Specifically, the D K at 100 Hz of 0.4MWCNT/10PEI/BMI nanocomposite is 600, about 4.5 times that of 0.4MWCNT/BMI nanocomposite; while the D K of 0.4MWCNT/15PEI/BMI decreases to 16, only 10% of that of 0.4MWCNT/BMI nanocomposite [150] .
Note that MWCNTs prefer to disperse in BMI but not PEI phase, so this is the common morphology in the MWCNT/BMI/PEI nanocomposites through traditional blending method, and the corresponding dielectric properties are not attractive. A method was setup to stably and uniformly disperse MWCNTs in PEI continuous phase by using Haake instrument. The resultant composites (coded as h-MWCNT/BMI/PEI) have different morphologies (location and dispersion of MWCNTs) from MWCNT/BMI/PEI nanocomposites as schematically described in The nanocomposites are composed of polymer matrix and filler, so the effect of temperature on dielectric properties of the nanocomposites is derived from those of polymer matrix and filler.
Effect of temperature on dielectric property of polymer
The effect of temperature on dielectric properties of polymer is mainly related to T g of polymer. At the temperature lower than T g , the molecular motion of a polymer is frozen, and dipoles cannot move to align themselves to the applied electric field. As the temperature approaches T g , the chain mobility of polymer increases and polar groups start to move in response to the applied electric field, leading to increased orientation of molecules and D K [151] .
With the continues increase of temperature, D K of the polymer reduces, this maybe results from the pronounced effect of thermal expansion of the matrix, and thus decreased charge density (net charge/volume) [152] . As dielectric properties of materials are related to polarisation, the polarisation situation becomes more complicated when the electric field is applied to the ferroelectric polymers, such as PVDF and its copolymers.
For the D K plot of PVDF with the increase of temperature, its D K initially increases, and reaches peaks due to the occurrence of β and α relaxation, successively. β relaxation is associated with T g of PVDF. When the temperature is above T g , more molecular movement is possible, leading to rotational movement of dipole groups in the amorphous region of PVDF; however, this rotational movement is not sufficient [153, 154] . α relaxation is associated with the annealing process in the crystalline region. At such high temperature, dipolar units are free, and which can rotate easily with the applied electric field, and D K reaches the maximum at Curie temperature (T c ) [155] . The T c of PVDF is 155°C, and PVDF exhibits maximum D K (∼40 at 1 kHz) and D F (0.25 at 1 kHz) in the T c region, while D K and D F at 1 kHz of PVDF at room temperature are only 16 and 0.07 [156] . In addition, Ag@SiO 2 / P(VDF-TrFE) shows the maximum D K at around 110°C, which is assigned to be T c of P(VDF-TrFE) [157] .
At melting temperature (T m ) of PVDF, D K reaches the minimum [158] because a shift from trans configuration to gauche configuration appears. At the temperature is higher than T m , both D K and D F increase sharply due to the high polarisability and conductivity of the molten state of polymer [83] .
High D K ceramic/polymer nanocomposites
For this kind of composites, T c is one of the most important factor affecting dielectric properties because this temperature will make the phase transitions of ceramic particles [159] . When the temperature is higher than T c , the dielectric constant of dielectric ceramics will decrease according to the Curie-Weiss law with increasing temperature [160] 
where C is the Curie constant (1.56 × 10 5 K). Fig. 9 shows D K and D F of CE resin and BTF/CE nanocomposites at different temperatures. As the temperature increases from 20 to 100°C, the D K of BTF/CE nanocomposite shows a big peak at about 120°C (T c of BT). As both D K and D F of CE resin show good thermal stability over the whole temperature range measured, the phase transition is the most important factor that affects dielectric performances [138] .
Although BT has high dielectric constant, its dielectric constant is dependent on temperature. BT has four different crystal structures, and shows three-phase transitions at −90, 0 and 130°C, respectively. At temperature lower than −90°C, the crystal form is rhombohedral, which is changed to be orthogonal from −90 to 0°C. Note that BT has tetragonal phase from 0 to 130°C, and thus ferromagnetic properties. When the temperature is higher than 130°C, BT shows regular structure and paraelectric properties [161] .
Another factor bringing dependence of dielectric property on temperature is the change in MWS effect between polymer and filler induced by the fact that properties (such as thermal expansion coefficient and electrical properties) of polymer and filler have different responses on temperature [162] . For example, Fig. 10 shows the temperature-dependent dielectric properties of PVDF and surface-hydroxylated Ba 0.6 Sr 0.4 TiO 3 nanotube (BST NT-OH)/ PVDF composites. D K and D F of either PVDF or BST NT-OH/ PVDF exhibit sharp increases at 10 3 and 10 4 Hz, respectively, and above 55°C, where the space charge contribution (conduction) brings a large increase in both D K and D F as the temperature increases in the polymer. This phenomenon is attributed to the MWS effect resulted from the discrepancies of dielectric properties (conductivity, D K ) of these two phases [34] . Fig. 11 shows T coefficient at some frequencies for P(VDF-CTFE) nanocomposites with BST nanopowders. The nanocomposite with high BST content exhibits a slightly higher T coefficient than those with low BST contents. This may originate from the temperature dependence of D K for BST. It is well known that the D K of perovskite ferroelectrics, such as BST, decreases with increasing temperature when the temperature is higher than its phase transition temperature from ferroelectric to paraelectric phase. Therefore, the D K of BST decreases with increasing temperature [163] .
High D K conductor/polymer nanocomposites
For conductor/polymer nanocomposites, the effect of temperature on dielectric properties of composite depends on thermal expansions of polymer and conductors. With the increase of temperature, thermal expansion will destroy the conductive path and reduce dielectric properties of nanocomposites [1] . However, for heat-resistant nanocomposites, their polymer matrices usually have smaller thermal expansion coefficients, so the influence of temperature on electrical conductivity of conductor is the key factor for that of nanocomposites [164] . Generally, with the increase of temperature, the conductivity of nanocomposites increases, leading to increased D K and D F [165] . The phenomenon that AC conductivity increases with the increase in temperature can be reflected by Arrhenius exponential equation as:
where σ ac is the AC conductivity, σ 0 is the high-temperature limit of conductivity, E a is the activation energy, R is the gas constant (8.314 J mol −1 K −1 ), and T is the temperature. From the slope (m) of Arrhenius equation, the E a can be calculated. The conduction activation energy of the conductivity influenced by temperature is the minimum energy required to overcome the potential barrier in the composite system [166] . Fig. 12 shows the temperature dependency of conductivity of P(VDF-HFP) nanocomposite with 40 wt% ZnO nanorods. The conductivity of composite increases as temperature increases. This can be rationalised in terms of the increase in conductivity of ZnO nanorods [167] . Fig. 13 shows D K values of PI nanocomposite with 0.7 wt% solvothermally reduced graphene oxide (STRG) at different temperatures. When the temperature increases from room temperature to 250°C, PI remains almost constant D K ; however, the D K of nanocomposite increases from 33 to 80 at 10 3 Hz. This is because as the temperature increases, electrical conductivity increases, and then the polarisation of STRG surface is promoted, endowing the composite with increased D K [168] .
Summary and future perspectives
Fast development of cutting-edge areas including aviation and space, new energy, electrical and electronics industries asks for increasing requirement on high D K dielectrics with lighter weight, higher heat resistance and better performances. The thermal resistance of polymer nanocomposites is mainly dependent on that of polymers because inorganic functional fillers usually have much better thermal resistance than polymers. There are many thermally resistant polymers; however, up-to-date only some of them, such as PVDF, PEN, PI, CE and BMI, have been used to fabricate high D K polymer nanocomposites, and PDVF has received the most attentions of researchers.
The dielectric properties of nanocomposites are mainly determined by the nature of functional fillers and spatial structure. While the dependence of dielectric properties of nanocomposites on temperature is closely related to the transition temperatures of polymers and fillers as well as the difference in property's responses to temperature. With regard to polymers, transition temperatures mainly refer to glass transition temperature; for PVDF, it also includes Curie temperature and transition temperatures of different crystalline phases. Curie point of ceramics places a big role in the stability of dielectric properties of nanocomposites.
Two important issues need to be intensively researched for high D K polymer nanocomposites with high heat resistance. One is building new techniques to get good stability of dielectric properties, the other is promoting actual applications of high D K nanocomposites, so the integrated properties of nanocomposites, not only include dielectric and thermal properties but also contain other properties such as processing, mechanical, and storage properties should be fully evaluated.
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